Measurements in the isolated lung of the cat have demonstrated that an increased concentration of carbon dioxide in the ventilating gas causes pulmonary vasoconstriction (Bergofsky, Haas and Porcelli, 1968; Barer and Shaw, 1971) . There is some disagreement as to whether this is a result of a direct action of carbon dioxide on the pulmonary vasculature or whether it is secondary to the alteration of the pH of the perfusing blood (Viles and Shepherd, 1968; Malik and Kidd, 1973) . The present study was designed to establish the action of carbon dioxide on pulmonary vascular resistance in the isolated perfused cat lung, in the absence of hypoxia, and to determine whether this action was modified by halothane and diethyl ether administered in the concentrations used clinically. These anaesthetic agents were chosen for their respective pulmonary vasodilator and constrictor effects (Sykes et al., 1972) in order to separate the direct effects of the anaesthetic on pulmonary vascular resistance from those resulting from a modification of the pressor response to carbon dioxide.
METHODS
Constant flow perfusion of the isolated lung was established in 26 cats. In 16 of the cats the present studies were carried out after a study on the effect of halothane on hypoxic pulmonary vasoconstriction (Gibbs, Sykes and Tait, 1974) . In the eight cats in which ether was administered no other study was performed, so that the measurements were made at an earlier stage of the perfusion. The techniques for establishing and maintaining the perfusions were similar to those of Sykes and others (1973) . The ventilating and perfusing circuits are shown in figure 1. The pulmonary circulation was perfused with autologous heparinized blood under conditions of constant flow and stable left atrial pressure so that changes in pulmonary vascular resistance could be calculated from the pulmonary arterial pressures. A stable left atrial pressure was maintained by allowing the atrial cannula to discharge into an open reservoir. The height of the discharge point relative to the atrium was adjusted to ensure that the left atrial pressure was at a constant value, which ensured a positive pulmonary venous pressure in all parts of the perfused lungs. Pulmonary arterial and left atrial pressures were recorded using Consolidated Electrodynamics transducers and a Devices heated stylus polygraph. Airway pressures were recorded in 18 cats, but in certain perfusions (when only two pressure channels were available) a Bourdon gauge was used to check pressures intermittently. Gas supply arrangements ensured that the airway pressures did not vary with a change from one gas mixture to another. The transducers were set to zero calibration at the level of the left atrium and were calibrated repeatedly against a water manometer.
VENTILATING GASES (-AIRWAY
Pulmonary vascular resistance was calculated as follows: PVR = (PAP-LAP) xlOO where PVR = pulmonary vascular resistance (mm Hg/100 ml/min) PAP = pulmonary arterial pressure (mm Hg) LAP = left atrial pressure (mm Hg) Q = pulmonary blood flow (ml/min)
The pH of the perfusing blood was maintained within the range 7.35-7.40 units during the control periods by ventilating the lungs with a mixture of 5% carbon dioxide and 95% oxygen and by the addition of increments of sodium bicarbonate 0.25-0.50 mmol, when required, at least 5 min before each test period. It has been established by Viles and Shepherd (1968) that the sodium present in this compound does not affect pulmonary vascular resistance. pH Measurements were made during each control period and, on occasion, during the test periods. The lungs were ventilated with a volume preset ventilator which received its gas supply from a reservoir supplied by premixed gas cylinders. The composition of the gases had been established previously by Haldane analysis. The halothane was vaporized in a Drager vaporizer and the diethyl ether in a Blease universal vaporizer. The calibration of both vaporizers was checked with an interferometer (Hulands and Nunn, 1970) . The temperature of the perfusion was maintained at 37 °C by means of a heated reservoir and table top.
After a stable pulmonary artery pressure had been obtained during the initial control period, the ventilating gas was changed from 5% to 10% carbon dioxide (with 90% oxygen) for 3 min. The 5% carbon dioxide-oxygen mixture was then restored and, after a further 3 min, either halothane 1 % or diethyl ether 5% was introduced into the gas circuit. After 12 min the pressor response was tested again by replacing the 5% carbon dioxide with the 10% carbon dioxideoxygen mixture. After 3 min of this mixture, the anaesthetic was withdrawn and the lungs were ventilated again with 5% carbon dioxide. Fifteen minutes later, 10% carbon dioxide was administered for a further 3 min.
Thus 10% carbon dioxide was administered on three occasions in each perfusion (A, B, C), one of which (B) was in association with the anaesthetic agent being tested. Pressure readings for calculation of pulmonary vascular resistance were obtained during the control periods (immediately before each test period) and at the time of maximum pressure change during a test period.
RESULTS
An increase in pulmonary vascular resistance in response to an alteration in the carbon dioxide concentration of the ventilating gases was demonstrated in 24 of 26 perfusions. In the first series of experiments (halothane) five perfiisions had ceased to respond to hypoxia but still reacted to carbon dioxide changes. Airway pressure had increased slightly by the time the carbon dioxide response was tested, but pulmonary vascular resistance was similar to that present at the beginning of the perfusion (table I) . Mean vascular pressures and changes in pulmonary vascular resistance during the two series of perfusions are shown in table II and figure 2.
Before the administration of the anaesthetic, the alteration of inspired carbon dioxide concentration from 5% to 10% increased PVR by 3.1 (± SD 1.7) mm Hg/100 ml/min in series I (halothane) perfusions and by 2.6 (±0.5) in series II (ether). After 12 min of the anaesthetic administration, a similar change of inspired carbon dioxide concentration increased PVR by 0.9 (± 0.8) in series I perfusions and by 1.1 (± 0.6) in series II perfusions. Fifteen minutes after withdrawal of the anaesthetic agent, the increase in PVR in response to the same increase in carbon dioxide concentration had returned to 2.8 (±1.6) in series I and to 1.9 (±0.6) in series II.
Statistical analysis of the changes in PVR by analysis of variance using the variance ratio test was performed. In series I, F = 9.7 so that, with 45 degrees of freedom, there was a significant "between samples" variation (/><0.01). In series II, F = 5.0 so that, with 23 degrees of freedom, there was also a significant "between samples" variation (P<0.05). Thus the reduction of the pressor response to 10% carbon dioxide induced by halothane and by diethyl ether reached statistical significance at the 1% and 5% level of probability in the respective series. During the administration of 5% carbon dioxide, the acid-base status was normal. Therefore changes in PVR in response to the introduction of the anaesthetic agents provide information about the direct effects of the anaesthetics on the pulmonary vasculature. In series I PVR was initially 10.7 (±4.8) mm Hg/100 ml/min. It changed to 9.6 (+4.6) during halothane administration and to 10.1 (+ 4.3) after halothane was withdrawn. The comparable changes in series II were 6.9 (± 2.7) before diethyl ether, 8.9 ( + 3.6) during, and 6.7 (±3.3) after it was withdrawn.
The "between samples" variance in these tests did not reach statistical significance. However, comparison of changes before and during anaesthesia by means of paired Student's t tests confirmed that there was a significant vasodilatation during halothane administration (P<0.01) and a significant pulmonary vasoconstriction during diethyl ether administration (P<0.05). On the other hand, a comparison of the PVR values during and after anaesthesia showed that there was no significant difference between the two sets of measurements in the animals receiving halothane, but there was a significant reduction in PVR after withdrawal of diethyl ether (P<0.02).
In ten series I perfusions and eight series II perfusions the airway pressure trace was examined carefully to determine whether there was evidence of a bronchomotor response to carbon dioxide. No such change was found. The only consistent airway pressure change was a slow increase as the preparation deteriorated.
DISCUSSION
These experiments demonstrated that anaesthetic concentrations of halothane and ether diminished the pulmonary vasoconstrictor response to an increase in inspired carbon dioxide concentration. They also showed that when the acid-base state was normal, halothane decreased PVR whilst ether increased it. The latter observations confirm those reported previously (Sykes et al., 1972 (Sykes et al., , 1973 .
The cat perfused lung was used for these experiments in order to isolate the direct effect of the anaesthetic agents on the pulmonary vasculature from that attributable to neurogenic or other influences. The brain and bronchial circulation were not perfused, so that the lung was effectively denervated (Allison, Daly and Waaler, 1961) . Blood flow was maintained constant and left atrial pressure was held at a constant value which ensured that the lung was subjected to zone 3 conditions throughout the experiments. Under these conditions any change in pulmonary artery pressure must have resulted from a change in perfusate viscosity or from a change in pulmonary vascular resistance.
There is no reason to believe that the administration of carbon dioxide or the anaesthetic agent could have caused an acute change of viscosity of the perfusate (Gibbs, Sykes and Tait, 1974) . Neither is there any evidence to suggest that the change in pulmonary vascular resistance could have been caused by an alteration in transpulmonary pressure. Tidal volume and end-expiratory pressure were held constant so that any change in airway resistance or lung compliance would have caused a change in airway pressure. Although it has been reported that an increase in alveolar carbon dioxide concentration causes slight bronchodilatation in the isolated perfused lung (Hyde, Lawson and Forster, 1964) , there were no acute changes in airway pressure associated with the administration of carbon dioxide, or the anaesthetics in the present experiments. Therefore it is concluded that the acute changes in PVR were unlikely to be a result of changes in transpulmonary pressure. Although there were no acute changes, there were gradual increases in airway pressure throughout the perfusion. This is common to all isolated lung perfusions and is believed to be caused by the steady accumulation of pulmonary oedema fluid.
Two other factors might have affected PVR. Alveolar hypoxia was avoided by keeping the alveolar oxygen tension at a value known to have no influence on PVR (Barer, Howard and Shaw, 1970 ). An alteration in the non-respiratory acid-base state (Viles and Shepherd, 1968) was avoided by correcting the blood pH to 7.35-7.40 units during the periods when the lung was ventilated with 5% carbon dioxide.
The increase in pulmonary vascular resistance associated with 10% carbon dioxide was similar to that observed by workers such as Barer, Howard and Shaw (1970) . The present study did not attempt to elucidate the extent to which this pressor response was secondary to a reduction in pH (which was confirmed by direct measurement in some perfusions), and the extent to which it was a direct response to carbon dioxide itself.
The decrease in the pulmonary pressor response to 10% carbon dioxide during the administration of the anaesthetic agent could have been caused either by an alteration in the calibre of the blood vessels induced by the anaesthetic agent or by a direct effect on the carbon dioxide vasoconstrictor mechanism. In a cylinder of infinite length (such as a blood vessel), Laplace's law states that P = 2T/R, so that if the radius of the vessel were increased by a vasodilator action, a given increase in vessel wall tension would result in a smaller increase in pulmonary artery pressure. This effect might explain the reduced pulmonary pressor response to an increase in carbon dioxide tension during halothane administration. Conversely, a pulmonary vasoconstrictor such as diethyl ether should cause an increased pressor response to the same alteration of wall tension. However, the results of this study have shown a reduced pulmonary pressor response from a similar increase in carbon dioxide tension in the presence of both a pulmonary vasodilator (halothane) and a pulmonary vasoconstrictor (diethyl ether). It thus appears that both anaesthetic agents produce their effect by depressing the carbon dioxide pulmonary vasoconstrictor mechanism.
In series I (halothane) perfusions the studies were performed following the study on hypoxic pulmonary vasoconstriction (Gibbs, Sykes and Tait, 1974) . Therefore perfusion had been maintained for a minimum of 90 min. In the series II perfusions (ether) the studies were performed 30-60 min after the start of perfusion. At the time of commencement of the present study, five of the series I perfusions had ceased to respond to a hypoxic stimulus. However, analysis of the individual results (on which table II is based) showed that there was an increase in PVR in response to the change of inspired carbon dioxide in every perfusion both before and after exposure to both anaesthetic agents, and that the magnitude of the response was similar in both groups. Thus, although the disappearance of the hypoxic response and the gradual increase in airway pressure suggested that the preparation had deteriorated by the time the carbon dioxide studies were made, there was no evidence that the carbon dioxide response was affected by the duration of perfusion. The difference in the quality of response to hypoxia and to hypercapnia in the isolated perfused cat lung may be explained by the suggestion of Bergofsky, Haas and Porcelli (1968) , that a greater portion of the pulmonary vasculature responds to changes in the carbon dioxide tension of blood and alveolar gas than responds to hypoxia. However, it seems more likely that the mechanisms by which hypoxia and hypercapnia act are not identical.
It has been suggested elsewhere that depression of the hypoxic pulmonary vasoconstrictor mechanism may increase ventilation/perfusion inequality during inhalation anaesthesia (Sykes et al., 1973) . The present studies suggest that depression of the carbon dioxide vasoconstrictor response may also cause blood flow to be increased in relatively underventilated areas of the lung, thus further increasing ventilation/ perfusion inequality. However, it must be emphasized that these findings do not necessarily apply to the intact pulmonary circulation, where numerous other modifying factors may be active. Furthermore, there is considerable species variation in the carbon dioxide response, and there is disagreement amongst different workers as to its exact nature (Barer and Shaw, 1971; Malik and Kidd, 1973) .
Nevertheless, the mechanism shown here should be examined further in order to assess its relevance to the clinical situation.
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SUMARIO
Se establecio perfusion de flujo constante de la circulation pulmonar en pulmones aislados de gatos. Estos fueron ventilados con 5% anhidride carbdnico en oxigeno a fin de mantener una tension de anhidrido carbonico casi normal y un estado acido-base en la sangre perfundente. La alteracion de la resistencia vascular pulmonar como respuesta a un cambio en la concentracion de anhidrido carbonico inspirado desde el 5% al 10% fue investigada antes, durante y despues de la administracion de 1% halotano (en 16 perfusiones) o 5% eter dietllico (en 8 perfusiones). Un aumento de la concentracion de anhidrido carbonico inspirado causo un incremento significante en la resistencia vascular pulmonar, pero la magnitud del incremento fue disminuida durante la administracion de ambos agentes anestesicos. La respuesta aumento nuevamente despues de retirados los anestesicos. La administracion de halotano durante la ventilacion con 5% anhidrido carbonico causo una reduction significante de la resistencia vascular pulmonar, en tanto que el uso del eter dietilico resulto en un aumento significante en esta medicion. Se sugiere que los anestesicos de inhalation pudieran aumentar la desigualdad ventilacion/perfusi6n al alterar la respuesta vasoconstrictora normal a una tension alveolar de anhidride carbonic6 aumentada.
